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Abstract 
Sundarban mangrove ecosystem is consisted of many islands both virgin and reclaimed in nature. A seven 
compartment model featuring different forms of nitrogen in soil and water is applied on virgin island in order to 
compare for estimating several parameters with reclaimed island. The physical, chemical factors and other rate 
parameters are retained same as in reclaimed island model, published before. The study is carried out for over two 
years, primary and secondary data are used in the model belong to same time scale for both the islands. Loss rate of 
soil organic nitrogen as humic acid and fulvic acids is very sensitive parameter for both the systems. Model results 
depict that virgin island is detritus based system governed by leaching and microbial processes. 
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1.  Introduction 
Sundarban mangrove ecosystem is one of the fragile and dynamic mangrove systems of the world. 
Mangroves are characteristic feature of the sand flats, river banks and coastlines of the tropics and 
subtropics of the world. The community structure of mangrove and their distribution varies with alteration 
of environmental gradients. The Indian part of Sundarban consists of 102 islands, 70% are partly 
reclaimed and rest is virgin. In tropical and subtropical coastal regions of the world, mangroves play a 
vital role in providing habitats for coastal animals and birds as well as in serving as defense against 
natural calamity as indicated by Alongi [1] and Barbier et al. [2]. Creeks traversing the islands serve 
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major conduits for tidal exchange of dissolved and particulate matter between the adjacent mangrove 
forest and coastal waters. Two islands are selected for comparative study of the impact of mangrove 
litterfall on nitrogen dynamics of the intertidal zone. Sagar island (reclaimed) is the largest island of 
Sundarban and is subjected to anthropogenic activities. These perturbations have direct or indirect impacts 
on mangrove system. As pointed out by Fu et al. [3] and Ramesh [4], growing anthropogenic activities are 
the driving force of environmental change affecting global hydrological and biogeochemical cycles. 
Lothian island (virgin) is an undisturbed island covered by dense mangrove forest and criss-crossed by 
creeks in between. Though the island is occupied by similar mangrove species as in Sagar island but the 
dynamics of organic and inorganic matter in soil and adjacent creeks are entirely different. 
Several comparative studies are done on mangrove ecosystem by many authors [5, 6, 7, 8, 9, 10]. Two 
adjacent mangrove forests with different freshwater inputs differ in sediment chemistry or community 
structure due to variations in tidal range and topography as pointed out by Ayukai et al. [11]. Wolff [12] 
studied energy flow distributions, biomass and productivity in two tropical models of mangrove fringed 
estuaries in Gulf of Nicoya, at the Pacific shore, Costa Rica and Caete estuary, Brazil and found 
difference between food web structure in two estuaries. Leguerrier et al. [13] noted similar observations 
when they compared two intertidal mudflat food webs in Brouage Mudflat and Aiguillon Cove, France. 
Kuwae et al. [14] measured dissolved inorganic nitrogen (DIN) flux across sediment-water interface in 
Banzu intertidal sandflat, Tokyo Bay, Japan and concluded that DIN is recycled within the sediment and 
microalgae present in the sediment plays an important role in release of DIN from the sediment. Chen and 
Twilley [15] studied the mangrove forest structure and nitrogen and phosphorus dynamics along Shark 
River estuary, Florida. They observed that the mangrove species vary along these nutrient gradients from 
the mouth of the estuary to upper estuary. Kristensen and Suraswadi [16] found that microbial 
mineralization of nutrient containing organic matter in the creek water and seepage of nutrient rich 
porewater from creek banks during falling tides are major processes behind nutrient availability in creeks 
of Bangrong mangrove forest, Thailand. 
There are few published work related to mangroves of Sundarban [17, 18, 19, 20, 21, 22, 23]. 
Mukhopadhyay et al. [20] studied the diurnal variation in carbon dioxide emission in Lothian island but 
the authors did not comment on the microbial decomposition in soils. The present paper compares the 
microbial degradation rate between reclaimed and virgin island. Joshi and Ghosh [21] studied the forest 
structure of Lothian island and concluded that pH and soil salinity determines the distribution of 
mangrove species in the island. Ray [22] compared the benthic food web structures of Sagar island and 
Prentice island (another virgin island in Sundarban) through network analysis and found that the 
ecosystem of disturbed island is highly resilient to perturbations caused by anthropogenic activities. Most 
of the researches related to Sundarban are restricted to Sagar island and adjoining areas probably due to 
inaccessibility to other parts of Sundarban and lack of database of these islands. Beside input from river, 
DIN is mainly contributed by decomposition of mangrove litter fall in these islands. 
Since DIN in the creeks is one of the governing component in maintain the grazing food chain and 
ecological balance of the system therefore, a comparative study between reclaimed and virgin island is 
needed to understand the dynamics of both the systems. The present account deals with modelling of 
seven states of nitrogen in soil and water {soil total nitogen (STN), soil organic nitrogen (SON), soil 
inorganic nitrogen (SIN), total organic nitrogen of water (WTON), particulate organic nitrogen of water 
(PON), dissloved organic nitrogen of water (DON) and dissolved inorganic nitrogen of water (DIN)}. All 
possible ecological factors those influence nitrogen dynamics in Sagar island are included in the model of 
Lothian island. The objectives are: (i) the application of model by Mandal et al. [23] in Lothian island in 
order to determine various parameters in this system, (ii) comparison of nitrogen dynamics in two systems. 
2. Methods 
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2.1. Study area 
Sagar island, the largest among all the islands in Sundarban delta, it lies between 88o08/ E to 88o16/ E 
longitude and 21o56/ N to 21o88/ N latitude (Fig. 1). This island covers an area of about 144.9 km2 
surrounded by river Hooghly in the north and northwestern side and river Mooriganga in the eastern side. 
Lothian island is a small island of approximately 38 km2, which extends from 88o18′10″ E to 88o21′30″ E 
longitude and 21o32′50″ N to 21o42′30″ N latitude (Fig. 1). Moreover, this island is a notified sanctuary 
and situated at the confluence of Saptamukhi and Bay of Bengal in the southern part of the island. Diurnal 
tides regularly inundate the island up to a certain distance from the northern coast. Both the islands are 
criss–crossed by small and large creeks with adjacent mangrove vegetation. These creeks are connected to 
the principle estuarine water. 
Since both the islands lie near Tropic of Cancer, therefore these undergo similar climatic change. The 
seasons are categorized as premonsoon (March-June) with high temperature ranging from 28C to 40C 
and occasional rains; monsoon (July-October), when the southwest wind triggers the precipitation with 
the rainfall between 165-185 cm and postmonsoon (November-February) categorized by cold weather 
(average 22C) and negligible rainfall. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Map showing the study area Sagar island and Lothian island  in Hooghly - Matla estuarine complex. 
2.2. Sampling and experiments 
The soil and water samples are collected from the mangrove forest bed, creeks and the rivers 
surrounding Sagar and Lothian islands. Field sampling and experiments are done for the period over two 
years (March 2005 to February 2007). In Sagar island, Avicennia marina is the dominant species followed 
by Avicennia alba, Porteresia coarctata, Exoecaria agallocha, Ceriops decandra, Acanthus ilicifolius, 
Phoenix sp. and Derris trifoliata as indicated by Saha and Choudhury, [19]. Joshi and Ghosh, [21] 
reported that Avicennia alba, Avicennia marina, Avicennia officinalis, Acanthus ilicifolius are dominant 
species in Lothian island, where as Exoecaria agallocha and Heritiera. fomes are thinly distributed and 
Aegiceras corniculatum, Ceriops decandra, Dalbergia spinosa, Derris trifoliata are scattered all over the 
island. Sampling in Lothian island is done from the eastern side because the hydrodynamic conditions and 
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soil properties of western side are similar to Sagar island. Several nets of known dimension ( mm 11  ) 
are placed in the mangrove forest bed and litter is collected monthly to know the litter biomass ( bL ) per 
square meter. Litter nitrogen ( nL ) is estimated by standard Kjeldahl digestion followed by 
spectrophotometer method as described in Greenberg et al. [24]. Lb contributing per kilogram of soil is 
computed since total nitrogen present in litter directly goes into the soil. 
In Sagar and Lothian islands, soil samples of every month are collected from the field stations at the 
depth of 8–10 in. (approximately) from the mangrove forest bed that is influenced by tidal currents. STN 
(mg kg−1) is determined by previously mentioned method. SIN (NH4 +, NO2 – and NO3 −) is estimated 
following methods described by Greenberg et al. [24]. SON is estimated using the difference between 
STN and SIN. Field data of STN, SON and SIN are used to calculate the conversion rates (Cr1) from STN 
to SON and (Cr2) from STN to SIN. Monthly data of oxidation–reduction potential (Rp) values of the soils 
and soil temperature (ST) are collected directly from the field using redox potential electrode and digital 
thermometer (EUROLAB-ST 9269) respectively. 
Water samples are collected from the creeks at 0.5 metre (approx.) depth for chemical analysis. 
Estimation of NH4+, NO2- and NO3-, and DON follows methodology of Soloranzo, [25], Wood et al. [26] 
and De Medina et al. [27] respectively as these three components represent DIN pool. Water temperature 
( TW ), Water pH ( pHW ) and dissolved oxygen ( oD ) are measured directly from the field using digital 
instrument (EUROLAB-ST 9269), pH meter (LUTRON-pH-206) and modified Winkler’s iodometric 
method respectively. The uptake rate of DIN by phytoplankton ( urP ) is taken from the previous works of 
Bhunia [17] and Biswas et al. [28]. 
2.3. The model 
2.3.1. Model description 
 
A seven compartment model (Fig. 2) is conceptualized using STELLA 6.0 computer software (High 
Performance Systems Inc.) and fourth- order Runge – Kutta method with a time step of 1 day is used for 
its integration. The differential equations (Eq.) used in the model are same as in Mandal et al. [23]. 
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Fig. 2: Conceptual model of nitrogen dynamics of Hooghly - Matla estuarine system. 
bL  of the adjacent mangrove forest is major source of STN in the soil (Eq. 1). fN  varies throughout 
the year and constitutes nL  of bL  (Eq. 2). 
 
SINSONn ConConLdt
dSTN
       (1) 
 fbn NLL          (2) 
 
STN in the mangrove bed occurs in two major forms: SON and SIN. Conversion of STN to SON 
( SONCon ), death of soil organisms and death of soil microflora (bacteria and fungi) ( IDSO ) constitutes 
SON in the soil (Eq. 3). For both, Sagar and Lothian soils, 1Cr  governs the SONCon (Eq. 4). IDSO is 
governed by input rate of dead soil organisms ( IDSOIr ) and input rate of dead soil microflora ( DSMIr ) 
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(Eq. 5). Some part of SON is degraded to SIN ( minSON ). Major portion of SON are changed into humic 
acid and fulvic acid ( HAFA ), controlled by loss rate of SON as humic and fulvic acid ( HAFALr ) (Eq. 6) 
and remaining portion are leached into water as organic form and contribute to the WTON and PON pools. 
 
SPONLeachSON ConHAFASONSONIDSOCondt
dSON
 min   (3) 
1CrSTNConSON         (4) 
DSMIDSO IrIrIDSO         (5) 
HAFALrSONHAFA        (6) 
 
Bergschneider [29] found that the occurrence of SIN in soil is regulated by conversion of STN to SIN 
( SINCon ), minSON , loss due to uptake by mangrove ( LM ) and leaching of SIN to estuarine water 
( LeachSIN ) (Eq. 7). Rp governs SINCon , therefore Rp dependent 2Cr  is incorporated in the present 
model (Eq. 8). Stanford et al. [30] found that minSON is a temperature dependent process which is 
regulated by the microbial degradation rate ( Mdr ) of the soil. A temperature factor for soil 
mineralization ( 10Q ) and soil temperature ( TS ) based equation (et) is used by Johnsson et al. [31] (Eq. 9 
and 10). In this equation, optimal temperature ( TOpt ) is assumed to be 20◦C. Mfilinge et al. [32] 
advocated that major portion of SIN is utilized by mangrove trees for their growth, therefore loss rate of 
SIN due to mangrove uptake ( MLr ) is considered as forcing function in the model (Eq. 11). Remaining 
portion of SIN get leached (washing out of soluble constituents) into the estuarine water and supplements 
DIN pool. 
 
LeachSIN SINLMSONCondt
dSIN
 min      (7) 
 2CrSTNConSIN         (8) 
 etMdrSONSON min       (9) 
   OptTSTQet /10       (10) 
 MLrSINLM         (11) 
 
WTON is contributed by leaching of SON (Eq. 12). Leaching of SON to estuarine water ( LeachSON ) is 
regulated by leaching rate of SON to WTON ( 1RLch ) (Eq. 13). WTON consists of PON and DON. Some 
fraction of WTON moves out from the system ( lossWTON ).which depends on loss rate of WTON from 
the system WTONLr  (Eq. 14).  
 
lossDONWPONLeach WTONConConSONdt
dWTON
    (12) 
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 1RLeach LchSONSON        (13) 
 WTONloss LrWTONWTON        (14) 
 
Part of WTON is converted to PON ( WPONCon ) (Eq. 15). WPONCon  is monitored by conversion rate 
of WTON to WPON ( WPONCr ) (Eq. 16). PON input due to death of aquatic organisms ( PIDAO ) is 
regulated by input rates of dead aquatic organisms ( PIDAOIr ) and dead microflora ( PDMIr ) (Eq. 17). 
PON to the estuarine system is added by invertebrate excretion (PIE) and by soil through washout, tidal 
inundations and degradation of organic matter from SON ( SPONCon ). SPONCon  is regulated by a 
conversion rate  ( SPONCr ) (Eq. 18). In any aquatic system, mineralization of PON ( minPON ) is 
temperature and dissolved oxygen dependent process (Eq. 19), TW  and oD based equations that effects 
the mineralization rate ( minr ) and affects the mineralization process ( minreN ) is used by Wei-Bing et al. 
[33] (Eq. 20). Temperature effect ( Tf ) is a function of TW (Eq. 21). In the present model, oxygen effect 
on biochemical reaction ( Dof ) is function of oD , which follows Michaelis-Menten kinetics, where 
DoK is half saturation constant for oxygen limitation (Eq. 22). Majority of PON is used up by detritivores 
( LD ), so DLr is incorporated as loss rate due to detritivory in the present model (Eq. 23). A small 
fraction of PON moves out of the system ( PONLr ) and a portion of the same settles down ( setPON ), 
both the processes are governed by loss rate of PON from the system ( PONLr ) and settling rate of PON 
( PONSr ) respectively (Eq. 24 and 25). PIE is regulated by the input rate of invertebrate excretion ( IEIr ) 
(Eq. 26). 
 
losssetSPONWPON PONPONPONLDConPIDAOCondt
dPON
 min  
 PIE          (15) 
 WPONWPON CrWTONCon        (16) 
 PDMPIDAO IrIrPIDAO        (17) 
 SPONSPON CrSONCon        (18) 
 minmin reNPONPON        (19) 
  DoTre ffrN  minmin      (20) 
   )20(  TT WKT ef      (21) 
    Doo
o
Do KD
Df

      (22) 
 DLrPONLD         (23) 
 PONset SrPONPON        (24) 
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 PONloss LrPONPON        (25) 
 IEIrPIE          (26) 
 
The concentration of DON in the system is maintained by DON input due to death of aquatic 
organisms and microflora ( DIDAO ), a portion of WTON ( DONCon ), degradation of DON to DIN 
( degDON ), loss of DON from the system ( lossDON ) and utilization of DON by bacteria (Eq. 27). 
DONCon  is regulated by conversion rate of WTON to DON ( DONCr ) (Eq. 28). DIDAO is governed by 
input rate of dead aquatic organism ( DIDAOIr ) and dead microflora ( DMIr ) (Eq. 29). Jorgensen and 
Bendoricchio [34] found that degDON  depends on hydrolysis (h) which is function of pHW  and 
minreN . Wei-Bing et al. [33] represented minreN as function of TW  and oD in their model (Eq. 30). 
Variation of loss rate of DON ( DONLr ) and bacterial utilization rate ( bacU ) are responsible for 
lossDON  from the system. (Eq. 31). 
 
degDONDONDIDAOCondt
dDON
lossDON      (27) 
 DONDON CrWTONCon        (28) 
 DMDIDAO IrIrDIDAO        (29) 
 mindeg repH NWhDONDON       (30) 
  bacDONloss ULrDONDON       (31) 
 
The abundance of DIN in estuarine water is balanced by contribution of PON, DON and SIN and 
utilization by phytoplankton and microflora (Eq. 32). Unutilized part of DIN gets out from the system 
( lossDIN ), governed by a loss rate ( DINLr ) (Eq. 33). LeachSIN  is controlled by leaching rate of SIN 
( 2RLch ) (Eq. 34). In Sundarban mangrove ecosystem, utilization of DIN by phytoplankton ( PU ) and 
microflora ( MU ) is regulated by phytoplankton uptake rate ( urP ) and microfloral uptake rate ( urM ) 
respectively (Eq. 35 and 36). 
 
MlossPLeach UDINUPONDONSINdt
dDIN
 mindeg    (32) 
 DINloss LrDINDIN         (33) 
2RLeach LchSINSIN        (34) 
urP PDINU         (35) 
urM MDINU         (36) 
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Comparison of environmental factors in Sagar and Lothian islands are shown in the following figures 
of bL  (Fig. 3a), Rp (Fig. 3b), TS (Fig. 3c), pHW  (Fig. 3d), oD (Fig. 3e), and TW (Fig. 3f). These factors 
are incorporated as graph-time functions (standard method in the STELLA 6.0 software package) in the 
model. An average value of urP  is used for both the models, which is incorporated as graph time function 
in previous model of Mandal et al. [23]. 
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Fig. 3e       Fig. 3f 
Fig. 3a-3f: Monthly average value of litter biomass ( bL ), redox potential (Rp), soil temperature ( TS ), water pH ( pHW ), 
dissolved oxygen ( oD ), water temperature ( TW ). 
The description of initial values of state variables, parameters, factors and their units of Sagar and 
Lothian islalnds are described in Table 1, 2 and 3.  
Table 1: Description of parameters with symbols, respective values at Sagar island (S)/Lothian island (L), units and citations (S)/(L). 
Description Symbol Values 
S/L 
Units References 
State Variables 
Soil Total Nitrogen STN 72/526 (mg kg-1) Field survey 
Soil Organic Nitrogen SON 71.29/520.71 (mg kg-1) Field survey 
Soil Inorganic Nitrogen SIN 0.71/4.662 (mg kg-1) Field survey 
Total Organic Nitrogen of Water WTON 59.84/231.11 (mg l-1) Source IESWM 
Particulate Organic Nitrogen of 
Water 
PON 56.71/196.44 (mg l-1) Source IESWM 
Dissolved Organic Nitrogen of 
Water 
DON 0.41/0.49 (mg l-1) Field survey 
Dissolved Inorganic Nitrogen of 
Water 
DIN 0.75/0.238 (mg l-1) Field survey 
Table 2: Description of parameters with symbols, respective values at Sagar island (S)/Lothian island (L), units and citations (S)/(L), 
Continuation of Table 1. The calibrated parameters of Lothian island are highlighted. 
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Description Symbol Values 
S/L 
Units References 
Graph-Time Functions 
Litter biomass bL  Graph (month-1) Field survey 
Nitrogen Fraction fN  Graph (month-1) Field survey 
Conversion rate 1 Cr1 Graph (month-1) Field survey 
Conversion rate 2 Cr2 Graph (month-1) Field survey 
Soil Temperature TS  Graph (month-1) Field survey 
Redox potential Rp Graph (month-1) Field survey 
Water Temperature TW  Graph (month-1) Field survey 
Dissolved oxygen oD  Graph (month-1) Field survey 
Water pH pHW  Graph (month-1) Field survey 
Parameters     
Conversion rate of WTON to DON DONCr  0.005/0.005 
 
(day-1) 
 
Burdige and Zheng [35] 
Conversion rate of SON to PON SPONCr  0.084/0.084 
 
(day-1) 
 
Mukhopadhyay et al. [36] 
Conversion rate of WTON to PON WPONCr  0.85/0.85 
 
(day-1) 
 
Mandal et al. [23] 
 
Input rate of dead aquatic 
organisms to DON 
DIDAOIr  0.006/0.006 
 
(day-1) 
 
Burdige and Zheng [35] 
Input rate of dead soil organisms IDSOIr  0.01/0.01 
 
(day-1) 
 
Roy et al. [37] 
Input rate of dead aquatic 
organisms to PON 
PIDAOIr  0.122/0.122 
 
(day-1) 
 
Roy et al. [37] 
 
Half saturation constant for oxygen DoK  1/1 (dimensionless) 
 
Wei-Bing et al. [33] 
Phytoplankton uptake rate of DIN urP  0.69/0.89 (day-1) Mandal et al. 
[23]/Calibrated 
Leaching rate of SIN to DIN 2RLch  0.390/0.19 
 
(mmolN m-2 day-1) De Medina et al. 
[27]/Calibrated 
Loss rate of PON due to 
detritivores 
DLr  0.98/0.98 (day-1) 
 
Ghosh [38] 
Loss rate of DIN from the system DINLr  0.45/0.45 
 
(day-1) 
 
Mandal et al. [23] 
Table 3: Description of parameters with symbols, respective values at Sagar island (S)/Lothian island (L), units and citations (S)/(L), 
Continuation of Table 2. The calibrated parameters of Lothian island are highlighted. 
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Description Symbol Values 
S/L 
Units References 
Loss rate of DON from the system DONLr  0.19/0.19 
 
(day-1) 
 
Burdige and Zheng 
[35] 
Loss rate of SON as Humic acid 
and Fulvic acid 
HAFALr  0.362/0.519 
 
(day-1) 
 
Ghatak et al. 
[39]/Calibrated 
Loss rate due to mangrove uptake MLr  0.610/0.785 
 
(day-1) 
 
Mandal et al. 
[23]/Calibrated 
 
Loss rate of PON from the system PONLr  0.06/0.06 (day-1) 
 
Ghosh [38] 
     
Loss rate of WTON from the 
system 
WTONLr  0.145/0.145 
 
(day-1) 
 
Mandal et al. [23] 
 
Leaching rate of SON to WTON 1RLch  0.535/0.315 (day-1) 
 
   Mandal et al.    
[23]/Calibrated 
Microbial degradation rate Mdr  0.002/0.0035 
 
(day-1) 
 
Jorgensen et al. 
[40]/Calibrated 
Mineralization rate of PON minr  0.0010/0.0010 
 
(day-1) 
 
Jorgensen et al. [40] 
Rate of hydrolysis h  0.00041/0.00041 (day-1) 
 
Jorgensen, et al. [40] 
Settling rate of PON PONSr  0.015/0.015 (day-1) Ghosh [38] 
Input rate of dead soil microflora 
to SON 
DSMIr  0.20/0.20 (day-1) 
 
Roy et al. [37] 
Microfloral uptake rate of DIN urM  0.2088/0.71 (day-1) 
 
Jorgensen et al. [40]/ 
Calibrated 
Input rate of dead microflora to 
PON 
PDMIr  0.20/0.20 (day-1) 
 
Roy et al. [37] 
Input rate of invertebrate 
excretion 
IEIr  0.10/0.10 (day-1) 
 
Mandal et al. [23] 
Input rate of dead microflora to 
DON 
DMIr  0.05/0.05 (day-1) 
 
Mandal et al. [23] 
Optimal Temperature in soil TOpt  20/20 (◦C) Mandal et al. [23] 
Temperature Factor for Soil 
Mineralization 
10Q  2/2 (dimensionless) Davidson and Janssens 
[41] 
Bacterial utilization rate of DON bacU  0.50/0.78 (day-1) 
 
Mandal et al. 
[23]/Calibrated 
2.3.2. Sensitivity analysis 
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Sensitivity analysis is carried out for Sagar island as well as Lothian island to detect the sensitive 
parameter for both the systems. Sensitivity analysis is performed using the formula described in 
Jorgensen [42]: - 
 
   ppxxS ///          (37) 
 
where, S = Sensitivity, x = state variable (here STN, SON, SIN, WTON, DON, DIN and PON), p= 
parameter, x and p  are change of initial values of state variables, parameters and forcing functions 
respectively at %10 level. 
Secondary data source is used to calibrate the parameters, which are not possible to collect from the 
field. For this, first year data set is used for calibration followed by validation using second set data. 
Ranges (minimum to maximum) of these parameter values in different estuaries of elsewhere are 
collected from literature [20, 28, 38, 39, 40]. 
2.3.3. Model calibration and validation 
 
Calibration is carried out by adjusting selected parameters in the model to obtain a best fit between the 
model calculations and the monthly average field data (first set) collected during first year (1 March 2005 
to 28 February 2006). Validation of the model is performed using monthly average field data (second set) 
collected during second year (1 March 2006 to 28 February 2007). The model is simulated for the period 
of 365 days between premonsoon to postmonsoon for each year. Time details of calibration and validation 
are described in Table 4. 
Table 4: Time details during calibration and validation of the model. 
1 March 2005 to 30 June 2005 (Day 1 to Day 122) – Premonsoon 
1 July 2005 to 31 October 2005 (Day 123 to Day 245) – Monsoon 
1 November 2005 to 28 February 2006 (Day 246 to Day 365) – Postmonsoon 
1 March 2006 to 30 June 2006 (Day 366 to Day 488) – Premonsoon 
1 July 2006 to 31 October 2006 (Day 489 to Day 611) – Monsoon 
1 November 2006 to 28 February 2007 (Day 612 to Day 731) - Postmonsoon 
3. Results 
Mandal et al. [23] did sensitivity analysis of this model at ( 10 %) for Sagar island and the same 
procedure is applied for Lothian island. Results depict that the order of system sensitivity is same in both 
the islands. 
Model result indicates that HAFALr  is the system sensitive parameter in both the islands. Slight 
perturbation of this parameter causes all the state variables to fluctuate significantly. The parameter is 
negatively related to all the state variables except STN. STN showed no effect when this parameter is 
perturbed from its original value. In Lothian, sensitivity analysis showed a fall of 4% in all state variables 
when this parameter is increased to 10%. Rise of 5% is observed when the value of HAFALr  is decreased 
to 10%. In Sagar, decrease in HAFALr  causes rise of SON and WTON to 4%, SIN to 2%, DON, DIN and 
PON to 3%. Similarly, increase in the value causes decrease in the availability of the previously 
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mentioned state variables by same percentage. STN pool is only sensitive to Cr1 for both the cases. If all 
the values are decreased by 10%, then a rise of 11% is observed in STN dynamics. 
The availability of SON is directly proportional to TOpt  and inversely proportional 
to SPONCr , 1RLch , HAFALr  and Mdr . Sensitivity results show 1RLch  is the most sensitive parameter to 
SON dynamics. In reclaimed island, increase of 1RLch  by 10% causes SON to decrease by 6%. When 
this parameter is perturbed down to 10%, SON rises by 5%. In virgin island, SON reduced to 4%, when 
the value of 1RLch is increased to 10%. The content of SON in the soil rise by 3%, when 1RLch  is 
reduced to 10%. 
Model shows Mdr , 10Q , Cr2 , are directly proportional to SIN dynamics and TOpt , MLr , 1RLch , 
2RLch , HAFALr  and SPONCr  are inversely proportional to SIN dynamics. In Sagar island, TOpt is the 
most sensitive parameter to SIN dynamics. Increase of this parameter to 10% causes reduction in the 
content of SIN of soil by 8% whereas the availability increases by 9% of same state variable when the 
value of TOpt  is decreased to 10%. In Lothain island, there are two important parameters; TOpt and 
MLr , which are responsible for retention of SIN in soil. When these parameters are increased to 10% of 
their respective values, 8% fall in SIN content is noted. 8% rise is observed when both the parameter 
values are reduced to 10%. 
DONCr , 1RLch , DMIr  are directly proportional to DON dynamics and  DONLr , bacU , WPONCr , 
HAFALr , SPONCr  and WTONLr  are inversely proportional to DON. For both the islands, DONCr  is the 
most sensitive parameter governing DON dynamics. In Sagar island, if the value of the same is increased 
to 10%, abundance of DON rise by 9%. This rise is 7% in case of Lothian island. The availability of DON 
is decreased by 18% in Sagar and 9% in Lothian, when the value of parameter is perturbed down to 10%. 
DIN of the estuary is contributed from SIN leaching and mineralization of PON and DON, therefore, 
the abundance of DIN is mostly affected by the parameters that influence SIN, PON and DON. Positive 
relation is observed between DIN and Cr2, DoK , 2RLch , Mdr , 10Q , minr  and negative relation is 
associated with 1RLch , DINLr , DLr , HAFALr , MLr , TOpt , urP and urM . urP  and minr  are most 
sensitive parameters to DIN in Sagar island and Lothian island respectively. When the value of urP  are 
decreased by 10%, DIN became abundant by 5%, a fall of 4% is observed when the parameter value is 
perturbed up by 10%. In Lothian island, the availability of DIN get reduced and rose to 5%, when the 
parameter is increased or decreased by 10%. 
In reclaimed and virgin islands, 1RLch is the only parameter that is positively related to WTON. 
WTONLr , HAFALr  and WPONCr  are negatively related to WTON. WPONCr  is the most sensitive parameter 
to WTON in both the islands. Similar trend of rise and fall in WTON content is observed for both the 
islands. 9% fall and 10% rise is noted in WTON concentration when the value of parameter is increased 
and decreased by 10% respectively. 
PON of estuary is positively sensitive to 1RLch , WPONCr , SPONCr  and negatively sensitive to DLr , 
HAFALr  and WTONLr . In reclaimed island, DLr  is the most sensitive parameter to PON. If the value is 
decreased to 10%, 10% rise in PON dynamics is observed. In virgin island, 11% rise is observed when 
DLr  is perturbed down to 10%. Moreover, alteration of the value of 1RLch by 10% showed significant 
change (8% rise and 7%) in the availability of PON in virgin island. 
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Litterfall from mangrove shows seasonal variations in both the islands (Fig. 3a). In Sagar island, the 
average wet weight of Lb during premonsoon is (978.25 ± 422 mg kg-1 of soil), monsoon (2401.75 ± 1122 
mg kg-1 of soil) and postmonsoon (2832.45 ±1148 mg kg-1 of soil). In Lothian island, average wet weight 
is higher during postmonsoon (5041.25 ±551 mg kg-1 of soil) and lower during premonsoon (4065 ± 1137 
mg kg-1 of soil) and monsoon (3927.5 ± 441 mg kg-1 of soil). The mangrove species in Sagar and Lothian 
island are almost same but the trend is different. 
Dynamics of STN is studied throughout the year; the experimental results show higher values in 
monsoon (255 ± 24 mg kg-1), lower in premonsoon (105 ± 34 mg kg-1) and intermediate in postmonsoon 
(150.25 ± 36 mg kg-1). In Lothian island, higher values are observed in premonsoon (423.25 ± 96 mg kg-1) 
and lower values are observed during monsoon (347.25 ± 30 mg kg-1) and postmonsoon (404.25 ± 62 mg 
kg-1) The simulated results of first year and second year are in agreement with the observed results (Fig. 
4a and 4b). 
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Fig. 4a       Fig. 4b 
Fig. 4a and 4b: Simulated and observed results of STN during calibration (Day1 to Day 365) and validation (Day 366 to Day 731). 
The trend of variation of SON is very much similar to that of STN (Fig. 5a and 5b). In Sagar island, 
SON has its higher values during monsoon (251.16 ± 24 mg kg-1) and lower values are observed during 
postmonsoon (149.34 ± 37 mg kg-1) and premonsoon (104.05 ± 33 mg kg-1). In Lothian island, SON has 
lower values during monsoon (342.12 ± 30 mg kg-1) and almost similar values are observed during 
postmonsoon (400.25 ± 62 mg kg-1) and premonsoon (409.21 ± 108 mg kg-1). 
In this estuarine system, the existence of SIN mainly depends upon Rp, 10Q , TS , Mdr  and TOpt . In 
reclaimed island, it is observed that Rp attains its lower value during monsoon (90 ± 16 mV), whereas the 
higher values are observed during premonsoon (149.25 ± 8 mV), moderate values are observed in 
postmonsoon (127 ± 4 mV) (Fig. 3b). This factor showed similar trend in virgin island. Premonsoon 
records the higher Rp values (214.5 ± 21 mV) followed by postmonsoon (182.5 ± 6 mV) and monsoon 
(115.75 ± 26 mV) There is no significant difference between TS  of Sagar island and Lothian island. In 
Sagar island, it is higher during premonsoon (29.12 ± 1 ◦C) and lower in postmonsoon (22.77 ± 2 ◦C) In 
Lothian island, during premonsoon it is (31.3 ± 2 ◦C ) and lower in postmonsoon (23.17 ± 1 ◦C) (Fig. 3c). 
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In Sagar island, fluctuation of SIN shows higher values in monsoon (3.84 ± 0.87 mg kg-1), lower values 
during premonsoon (0.94 ± 0.31 mg kg-1) and postmonsoon (1.90 ± 0.67 mg kg-1) (Fig. 6a and 6b). Chi-
square values between simulated and observed result are found to be 5.913 and 9.121 for Sagar island and 
Lothian island respectively. 
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Fig. 5a and 5b: Simulated and observed results of SON during calibration (Day1 to Day 365) and validation (Day 366 to Day 731). 
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Fig. 6a       Fig. 6b 
Fig. 6a and 6b: Simulated and observed results of SIN during calibration (Day1 to Day 365) and validation (Day 366 to Day 731). 
The dynamics of DON pool is dependent on WTON pool. In addition to this, the amount of organic 
nitrogen leached and degraded from SON pool regulates DON indirectly. In reclaimed island, DON values 
are higher (0.80 ± 0.06 mg l-1) in monsoon, lower during premonsoon (0.37 ± 0.08 mg l-1) period and 
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intermediate in postmonsoon (0.62 ± 0.06 mg l-1). In contrast, the higher values of DON are observed 
during premonsoon (0.55 ± 0.08 mg l-1) and monsoon (0.54 ± 0.04 mg l-1) in virgin and lower values are 
noted in postmonsoon (0.46 ± 0.08 mg l-1). Degradation of DON depends upon hydrolysis, which is 
controlled by pHW . In Sagar island, pHW  fluctuates at very narrow range throughout the year (7.8 to 
8.3), this range merges with Lothian island (7.4 to 8.02) (Fig. 3d). In Sagar island, this factor is higher 
during premonsoon (8.22 ± 0.05) and in Lothian island, it is higher during postmonsoon (7.80 ± 0.21). 
Lower values are observed in monsoon for both the islands. The model results are very much similar to 
that of observed results during calibration and validation (Fig. 7a and 7b). Chi – square values during 
calibration and validation are found to be 1.786 and 0.504 for Sagar island and Lothian island 
respectively. 
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Fig. 7a and 7b: Simulated and observed results of DON during calibration (Day1 to Day 365) and validation (Day 366 to Day 731). 
In reclaimed island, DIN is higher in monsoon (1.26 ± 0.13 mg l-1) and lower in premonsoon (0.66 ± 
0.22 mg l-1) and intermediate in postmonsoon (0.96 ± 0.19 mg l-1). Higher values are observed during 
monsoon (0.28 ± 0.02 mg l-1) followed by premonsoon (0.20 ± 0.03 mg l-1) and postmonsoon (0.16 ± 0.03 
mg l-1) in virgin island as shown in Fig. 8a and 8b. oD  and TW  governs the mineralization process and 
urP  and urM  determines the availability of DIN in the estuary. At Sagar island, oD varies annually 
between 4.43 mg l-1 to 5.57 mg l-1 (Fig. 3e). Higher values are observed during postmonsoon (5.22 ± 0.30 
mg l-1), highest in February (5.57 mg l-1) whereas lower values during monsoon (4.96 ± 0.27 mg l-1) and 
premonsoon (4.59 ± 0.38 mg l-1), lowest in May (4.43 mg l-1). At Lothian island, higher values of oD  are 
observed during postmonsoon (7.6 ± 0.25 mg l-1) and lower values during monsoon (6.3 ± 0.55 mg l-1). In 
the tropics, higher temperatures are observed during the premonsoon period (March - June) and low 
temperatures are observed during postmonsoon period (November – February).The average values of 
TW during premonsoon is almost same in Sagar island and Lothian island (29 12 ± 1.65 mg l-1) and (29 
27 ± 1.65 mg l-1) respectively. Lower values are observed during postmonsoon (22.77 ± 2.56 mg l-1) in 
Sagar island and (23.15 ± 0.58 mg l-1) in Lothian island. (Fig. 3f). Simulated results showed similar trends 
between model results and observed results but deviations are also prominent period during calibration 
and validation. Chi–square test values during calibration and validation are 10.05 and 13.85 for Sagar 
island and Lothian island respectively. 
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Fig. 8a and 8b: Simulated and observed results of DIN during calibration (Day1 to Day 365) and validation (Day 366 to Day 731). 
During calibration and validation, observed average values of every month of STN, SON, SIN, DON 
and DIN are used in the model. Chi-square tests are performed to check the goodness of fit for statistical 
significance between results obtained from field and model results. Chi-square test results show p<0.05 
levels for all cases. WTON and PON compartments are not calibrated and validated due to inconvenience 
in collection of the data from the field. 
4. Discussion 
The monthly average Lb in postmonsoon is higher in both the islands because in Sundarban, natural 
senescence occurs during this period. In virgin island, litterfall is much higher in comparison to reclaimed 
so, highly productive. According to Ghosh et al. [18], the density of mangroves is higher in Lothian island, 
therefore the soil encounters higher litterfall. McKee and Faulkner [43] found that regional or local 
differences in hydrology related factors, such as salinity and soil water logging, strongly influence the 
early development of mangroves. Anthropogenic disturbance may affect the growth of mangroves. 
Mangrove trees are much stouter and taller in Lothian in comparison to Sagar island. Alongi et al. [44] 
reported that the growth and productivity of mangroves are tightly coupled to the benthic pools of 
nutrients transformed by microbial decomposition of organic matter. Ray [22] found that detritus 
production by the mangroves in virgin island of Sundarban is very high in comparison to Sagar island. 
Phoenix sp. occur along with the distribution of Avecennia marina and Avecennia alba in reclaimed island 
that produces less litter, as its leaf fall is scanty, as a result, litterfall makes an unusually small 
contribution to the reclaimed system in comparison to virgin ecosystem. STN is a composite pool 
contributed by Lb.and its nature depends upon the constituents of SON and SIN pools. 
Present model reveals that the organic nitrogen content of the soil is more than 95% for both the 
islands. This is probably due to the collection of soil from A-horizon. According to Coleman and 
Crossley [45], this zone is composed of the bodies of plants and animals that are being reduced to finely 
divided organic materials by humification. Deaths of algae and soil organisms such as Dentilium sp., Uca 
sp., Cerithedia sp. and soil microflora supplements the SON pool of both the islands. Ghosh [38] reported 
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that the clay content of the soil in Lothian is high which helps to retain the organic matter for long time. 
Model results showed higher HAFALr  (0.519 day-1) in virgin system comparison to reclaimed one (0.362 
day-1), which corroborates with the finding of Ghosh [38]. In Sagar island, higher values of SON during 
monsoon are due to lower microbial activities during this period. In contrast, Lothian island exhibit lower 
SON values during monsoon and higher microbial activity in soil. Lacerda et al. [46] analyzed soil 
samples from two different forests dominated by Avecennia schauriana and Rhizophora mangle in south-
eastern Brazil. They concluded that the organic matter content of soil is high in Avecennia sp. dominated 
forest; simultaneously the organic matter degradation rate is also high. The present model showed similar 
result, Lothian island has higher SON as well as higher Mdr  in comparison to Sagar island. 
Alongi et al. [44] measured the rates and pathways of microbial decomposition of soil organic matter 
to determine human impact on biogeochemical activities of two disturbed Avecennia forests and two 
undisturbed Avecennia marina and Rhizophora apiculata forests in Vellar- Coleroon estuarine complex, 
India. They found that carbon oxidation by microbes is greater in undisturbed forest. Model estimation of 
Mdr  shows higher value (0.0035 day-1) at Lothian in comparison to Sagar island (0.002 day-1). 
According to Alongi [47], redox of mangrove soil is controlled by number of factors, the composition, 
and concentration of the inorganic and organic components, tidal elevation, water content, microbial 
activity, and extent of anthropogenic input. Anaerobic conditions are usually found in soil during 
inundation as water fills the pore spaces, the rate at which oxygen can diffuse through the soil is 
drastically reduced. Sagar island is subjected to more tidal influence due to its geographic location. Model 
results of Lothain island showed lower leaching rates 1RLch (0.315 day-1) and 2RLch  (0.19 day-1) in 
comparison to Sagar island (0.535 day-1) and (0.39 day-1) respectively. Thus, SIN values are higher in 
Lothian in comparison to Sagar island. Higher pR values in Lothian island proves greater microbial 
activity in soil, better penetration of oxygen in soil and suitable habitat for crabs, mudskippers and other 
soil detritivores. The present findings corroborates with statement of Nielsen et al. [48]. Both islands 
showed lower values of pR  in monsoon, which is due to heavy rainfall during this period, which results 
water logging, as the clay particles are predominant in this area in comparison to silt particles. However, 
during premonsoon, higher air temperature enhances the diffusion of oxygen in soil which in turn 
increases the pR . Postmonsoon encounters moderate rainfall and clear climate thus pR  values are 
moderate. For SIN (mainly consisted of NO3-, NO2- and NH4+) estimation, soil samples are collected at the 
depth of 8 to 10 inches which is oxidation prone zone. Experimental results of soil for both the islands 
showed dominance of NO3- followed by NO2- and negligible amount of NH4+. Alongi [47] reported that 
mangrove forests dominated by different species showed uptake of NH4+ in greater amount followed by 
NO3- and NO2-. MLr  is higher in Lothian island which indicates better utilization of nutrient by the 
mangroves in comparison to Sagar island. 
DON values are higher in Sagar island in comparison to Lothian island, this increase is probably due to 
anthropogenic input of DON from Hooghly estuary. Dittmar and Lara [49] found that DON and DIN 
concentration in estuary ranged in the same order of magnitude. The present findings corroborate with the 
above statement. bacU is higher in Lothian (0.78 day-1) than Sagar island (0.50 day-1), this promotes 
decomposition process in Lothian island, thus faster detritus formation. 
Generation of DIN within a mangrove forest may originate from microbial mineralization of dissolved 
and particulate organic matter in tidal water and leaching. Primary production by phytoplankton and 
suspended benthic microalgae, uptake by mangroves considerably reduce the DIN concentration of 
estuary and act as potential sink of inorganic nutrients. Model results indicate that DIN concentration at 
Sagar island is greater than Lothian island. Mukhopadhyay et al. [36] reported that the amount of 
anthropogenic DIN input from Hooghly estuary to the creeks of Sagar island varies between 0.257 mg l-1 
to 0.390 mg l-1 annually. The lower DIN values in Lothian island is due to higher urP (0.89 day-1) and 
higher urM (0.71 day-1). At Sagar island, higher DIN values in monsoon period are not only due to huge 
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water runoff with the increase of leaching rate in estuary but also decrease of uptake by phytoplankton as 
its biomass falls in this season as indicated by Mandal et al. [23]. 
In the present account, an attempt is made to catch a realistic picture of nitrogen dynamics in virgin 
island. Seven important parameters are estimated using this model, which are not known before. A more 
generalized view can be obtained if this model is run on other virgin islands of Sunarban mangrove 
ecosystem which are still inaccessible. The area selected for the study bears similar mangrove structure. 
Some interesting result may come out if this model is applied to other mangrove forest dominated by 
different species. 
5. Conclusions 
In reclaimed island, the production of detritus and its input from various sources is low due to 
deforestation. Nitrogen dynamics and productivity of mangroves of the Hooghly - Matla estuary is 
dependent on high mangrove litterfall. Moreover, the hydrodynamic conditions of Lothian island are more 
stable than Sagar island as indicated by slower leaching processes. Higher degradation rates and 
utilization rates by microbes indicate better decomposition process in Lothian island as a result more 
detritus formation takes place in soil and water of this island. Therefore, it can be concluded that detritus 
food chain dominates over grazing food chain in the virgin system. Higher uptake rate by phytoplankton 
in Lothian island indicates better utilization of DIN. Deforestation of mangroves and anthropogenic stress 
(agriculture, improper land use, improper aquaculture and burgeoning industrial input of organic matter 
and chemicals) are the principal cause low productivity at Sagar island. More emphasis should be given of 
the above mentioned aspects for proper conservation and restoration of mangrove ecosystem. 
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